In current veterinary practice, administration of multiple analgesics in combination with acting through different mechanisms, "multimodal therapy", is often advocated to maximize analgesic effect \[[@r26]\]. The multimodal approach for analgesia also provides a great benefit of concomitant reduction of adverse effects with additive or synergistic analgesic effect produced by lower doses of each analgesic \[[@r17]\]. In addition, an administration of analgesics before the patient receives painful stimuli, "preventive analgesia", is advocated to reduce the requirement of anesthetics during surgery and to minimize post-operative pain in animals \[[@r12], [@r22]\]. In surgical patients, the multimodal and preventive approach for analgesia is successfully achieved by premedication using multiple analgesics, such as combination of a non-steroidal anti-inflammatory drug (NSAID) and an opioid \[[@r12], [@r22]\].

Maropitant is a highly selected neurokinin (NK~1~) receptor antagonist that blocks the pharmacological action of substance P in the central nervous system (CNS) \[[@r4], [@r5]\]. Maropitant provides antimemetic effects by preventing the substance P from binding with the NK~1~ receptors located in the vomiting center and the chemo-trigger zone \[[@r5], [@r23]\]. On the other hand, the substance P binds to the NK~1~ receptors located in the dorsal horn of spinal cord with high affinity and produces increases in pain signal in cats \[[@r11]\]. Therefore, maropitant is expected to provide analgesic effects by preventing the substance P from binding with the NK~1~ receptors located in the dorsal horn. It is reported that maropitant decreased the anesthetic requirements in dogs \[[@r1], [@r7]\].

NSAIDs produce analgesic, anti-inflammatory and anti-pyretic effects by inhibiting arachidonate cyclooxygenase (COX), thereby inhibiting the production of prostaglandins \[[@r35]\]. There are three isozymes of COX: COX-1 which is normally present in a variety of organs and is constitutive under physiological conditions, COX-2 which is induced by inflammatory stimuli and pathological conditions, and COX-3 which is encoded by the same gene as COX-1 and present in the brain \[[@r6]\]. Carprofen is a COX-2 selective NSAID and commonly used for treatment for post-operative pain and inflammation in dogs. It is also reported that carprofen reduced the anesthetic requirements in normal healthy dogs without inflammation \[[@r38]\]. Prostaglandins are known to facilitate the release of substance P from the central nerve terminals of primary sensory nerves \[[@r19]\]. Malmberg *et al.* \[[@r20]\] showed that NSAIDs exerted a direct spinal antinociceptive action by blocking the hyperalgesia induced by the activation of spinal NK~1~ receptors. These findings indicate that NSAIDs may produce their analgesic effect by the direct spinal action besides peripheral anti-inflammatory action. Therefore, NSAIDs including carprofen may reduce the anesthetic requirement by the spinal antinociceptive action through the prevention of substance P release.

The potency of inhalation anesthetics traditionally has been evaluated by use of the concept of minimum alveolar concentration (MAC) to prevent movements, which is the alveolar concentration of inhalation anesthetic agent at 1 atmosphere that prevents movement in 50% of population exposed to a noxious stimulation \[[@r27], [@r36]\]. Several studies provide evidence that volatile inhalant anesthetic agents act primarily within the spinal cord to decrease movement in response to a noxious stimulation \[[@r3], [@r28]\] and produce immobility mainly by acting on the spinal ventral horn \[[@r2], [@r15]\]. Therefore, the MAC could reflect the suppression of motor neurons at the ventral horn in the spinal cord \[[@r15]\]. On the other hand, minimum alveolar concentration for blunting adrenergic response (MAC-BAR) is defined as the minimum anesthetic concentration that prevents an autonomic response to a noxious stimulation \[[@r16], [@r18], [@r21], [@r29]\]. The MAC-BAR is a useful measure of anesthetic effect on autonomic pathways in the subcortical centers (spinal cord and brainstem) and may provide important information to diminish the intraoperative neuroendocrine stress response \[[@r29]\]. Two previous studies suggested that a preventive administration of analgesic reduced the MAC-BAR of sevoflurane in dogs \[[@r18], [@r32]\].

As mentioned above, the multimodal and preventive approach for analgesia is successfully achieved by premedication using multiple analgesics \[[@r12], [@r22]\]. However, it is suspected that further sparing effect on anesthetic requirement during surgery may not be achieved by a combination of maropitant and carprofen because the prevention of substance P release provided by carprofen through the inhibition of prostaglandine synthesis may be incompetent to increase the antinociceptive effect under the presence of maropitant that can prevent the substance P from binding with the NK~1~ receptors in the spinal cord. We hypothesized that premedication with a combination of maropitant and carprofen might not provide any further sparing effect on anesthetic requirement in dogs. As far as the authors know, the interaction between maropitant and carprofen has not been described in any animal species. The purpose of this study was to evaluate the interaction between maropitant and carprofen on sparing of the MAC-BAR of sevoflurane in dogs.

MATERIALS AND METHODS {#s1}
=====================

Experimental animals
--------------------

Six intact adult beagle dogs (3 males and 3 females), 2.3 ± 1.0 (mean ± standard deviation \[S.D.\]; range 1.0 to 3.0) years old and weighed 10.3 ± 1.5 (8.0 to 13.5) kg, were anesthetized with sevoflurane four times with a minimum of 7-day washout period. We adopted the same number of females and males in order to offset the consequences of gender difference. The dogs received a subcutaneous injection of saline on the first occasion (Control group), maropitant alone on the second occasion (MARP group), carprofen alone on the third occasion (CARP group), and a combination of maropitant and carprofen on the last occasion (MARP-CARP group) at 1 hr prior to the first electrical stimulation for the determination of sevoflurane MAC-BAR. The dogs were judged to be in good to excellent health based upon a physical examination, blood cells count and serum biochemical determination. Food was withheld from the dogs for 12 hr before anesthesia, but allowed free access to water. The dogs were cared for according to the principles of the "Guide for the Care and Use of Laboratory animals" prepared by Rakuno Gakuen University. The Animal Care and Use Committee of Rakuno Gakuen University approved this study (Approval No. VH23B13).

Anesthesia and instrumentation
------------------------------

In all the dogs, anesthesia was induced by mask induction using sevoflurane (Sevoflo, DS Pharma Animal Health Co., Ltd., Osaka, Japan) in oxygen. The dogs were orotracheally intubated after the induction of anesthesia and anesthetized with oxygen and sevoflurane in left lateral recumbency. The cephalic vein and the dorsal pedal artery were catheterized with 22-guage catheters (Supercath, Medikit Co., Ltd., Tokyo, Japan). Arterial blood pressure was directly measured by connecting the catheter that was placed in the dorsal pedal artery to a pressure transducer (BD DTX^TM^ Plus DT-4812, Japan Becton, Dickinson and Co., Fukushima, Japan) that was placed and zeroed at the level of the mid-sternum. During anesthesia, the partial pressure of end-tidal CO~2~ (PETCO~2~) was maintained between 35 and 40 mmHg by intermittent positive pressure ventilation (IPPV) using a time-cycled ventilator (Nuffield Anesthesia Ventilator Series 200, Penlon, Abingdon Oxon, U.K.). The dogs were administered lactated Ringer's solution at a rate of 10 m*l*/kg/hr intravenously through the catheter that was placed in the cephalic vein. Esophageal temperature was maintained between 37.5 and 38.5 ^○^C using a heating pad and a warm air blanket in the dogs.

Esophageal temperature (^○^C), heart rate (beats/min), lead II of the electrocardiogram, respiratory rate (breaths/min), mean arterial blood pressure (MABP; mmHg), saturation of hemoglobin with oxygen measured by pulse oxymetry (SpO~2~;%), PETCO~2~ (mmHg) and end-tidal concentration of sevoflurane (ETSEV;%) were monitored using a veterinary patient monitoring system (BP-608V, Omron Colin Co., Ltd., Tokyo, Japan). The esophageal temperature was measured using an electric thermometer probe placed orally into the thoracic esophagus. According to the previous reports \[[@r28], [@r31],[@r32],[@r33]\], a commercially available adaptor (Air way adaptor L-shape, Omron Colin Co., Ltd.) modified with an 8-Fr feeding tube (Atom Indwelling Feeding Tube, Atom medical Co., Ltd., Tokyo, Japan) was placed at the Y-piece of the breathing circuit. The feeding tube passed through the endotracheal tube so that its tip rested in the thoracic portion of the trachea. Gas samples were drawn from the proximal end of the endotracheal tube using the feeding tube at a rate of 200 m*l*/min. A side-stream capnograph and anesthetic agent monitor were used to determine respiratory rate, PETCO~2~ and ETSEV. The anesthetic agent monitor was calibrated at the start of each experiment using a commercial calibration kit (AG calibration gas and adaptor set, Omlon Colin Co., Ltd.).

MAC-BAR determination
---------------------

Following the instrumentation, the dogs received a subcutaneous injection of maropitant (1 mg/kg, 10 mg/m*l*; Cerenia Injectable, Zoetis Japan, Tokyo, Japan) in MARP group, a subcutaneous injection of carprofen (4 mg/kg, 50 mg/m*l*; Rimadyl Injectable, Zoetis Japan) in CARP group, subcutaneous injections of maropitant (1 mg/kg) and carprofen (4 mg/kg) in MARP-CARP group or a subcutaneous injection of saline (0.1 m*l*/kg) in Control group. The MAC-BAR determination began after the dogs were allowed to equilibrate for 60 min at ETSEV 3.0%. The MAC-BAR of sevoflurane was determined according to the previous studies \[[@r32], [@r37]\]. Briefly, the MAC-BAR of sevoflurane was determined by judging the dogs' response to a noxious electrical stimulus (50 V, 50 Hz, 10 msec) applied to their right upper gingival for 10 sec using an electrical stimulator (SEN3301, Nihon Koden Co., Tokyo, Japan). Positive response for the MAC-BAR determination was fixed and increased in either heart rate or MABP over 15% above the pre-stimulation value recorded at 1 min before applying the electrical stimulus during a 30 sec observation period following the 10 sec stimulation period. When the dog exhibited the positive response, the ETSEV was increased by 10 to 20%, and the dog was retested after 20 min of re-equilibration. When the dog did not exhibit the positive response, the ETSEV was decreased by 10 to 20%, and the dog was retested after 20 min of re-equilibration. The MAC-BAR was determined as the mean of the ETSEV at which the dog did not demonstrate positive responses and next lower concentration tested (i.e., the highest concentration at which the dog demonstrated positive responses to the electrical stimulus). The MAC-BAR for each dog was determined in triplicate by the same person (S. F.).

The percentage of MAC-BAR reduction was calculated as: Percentage MAC-BAR reduction=(MAC-BAR of Control group --MAC-BAR of each treatment group)/ MAC-BAR of Control group ×100.

Statistical analysis
--------------------

The statistical analyses were performed using State Mate III for Windows (ATMS, Tokyo, Japan). The data were reported as means ± S.D. from 6 dogs in each group and were confirmed for normality and homogenesity of variance of the data by using Kolmogov-Smirnov and Bartlett tests. The sevoflurane MAC-BAR, percentage of MAC-BAR reduction and time taken to obtain the triplicate data for the sevoflurane MAC-BAR were analyzed by using one-way factorial ANOVA and Tukey test between overall groups, because their normality and homogenesity of variance were confirmed. The heart rate and MABP were analyzed by using Friedman test between the overall groups, because of their non-normality and/or heteroscedasticity. The MAC-BAR was also compared between the Control group and each treatment group by using paired *t*-test.

A drug interaction between maropitant and carprofen was evaluated according to a previous report in dogs \[[@r38]\]. Briefly, the drug interaction was evaluated by comparing the changes in the sevoflurane MAC-BAR, heart rate and MABP produced by the administration of maropitant and carprofen with those produced by the administration of carprofen alone. A paired data of the sevoflurane MAC-BAR, heart rate and MABP from the Control and CARP groups were used for analyzing the changes produced by the administration of carprofen alone. Another paired data of those from the MARP and MARP-CARP groups were used for analyzing the changes produced by the administration of maropitant and carprofen. The changes in these paired data were analyzed by using two-way repeated measures ANOVA. If a significant difference was detected with a statistical interaction, the drug interaction between maropitant and carprofen was judged to be synergic or antagonistic. If a significant difference was obtained without any statistical interaction, the drug interaction was judged to be additive. For all analyses, values of *P*\<0.05 were considered significant.

RESULTS {#s2}
=======

The sevoflurane MAC-BAR in each dog is summarized in [Table 1](#tbl_001){ref-type="table"}Table 1.Minimum alveolar concentration for blunting adrenergic response (MAC-BAR) of sevoflurane in each dog treated with subcutaneous administration of saline (Control), maropitant alone (MARP), carprofen alone (CARP) or a combination of maropitant and carprofen (MARP-CARP)DogsAge\
(years)SexSevoflurane MAC-BAR (%)ControlMARPCARPMARP-CARPNo.11female3.453.753.352.67No.23female4.203.722.953.68No.33female3.253.052.282.27No.41male3.752.573.233.15No.51male2.852.402.852.62No.62male2.721.803.122.50Mean ± S.D. of MAC-BAR3.37 ± 0.562.88 ± 0.77 ^b)^2.96 ± 0.38 ^a)^2.81 ± 0.51 ^b)^Percentage MAC-BAR reduction-15.0 ± 16.0 %10.2 ± 17.6%16.2 ± 8.8%S.D.: standard deviation. The percentage of MAC-BAR reduction was calculated as: (MAC-BAR of Control group --MAC-BAR of each treatment group)/ MAC-BAR of Control group ×100. Significant difference compared to the Control group: a) *P*\<0.05, b) *P*\<0.01.. It took 217 ± 35 min, 234 ± 48 min, 226 ± 42 min and 248 ± 76 min to obtain the triplicate data for the sevoflurane MAC-BAR in the MARP, CARP, MARP-CARP and Control groups, respectively. At the completion of sevoflurane MAC-BAR determinations, all the dogs did not show any clinically relevant inflammatory symptoms, such as swelling and redness, at the gingival area that was applied the noxious electrical stimuli. The sevoflurane MAC-BAR was 2.88 ± 0.77% for the MARP, 2.96 ± 0.38% for the CARP, 2.81 ± 0.51% for the MARP-CARP and 3.37 ± 0.56% for the Control group. The sevoflurane MAC-BAR for each treatment group was significantly lower than that for the Control group (*P*=0.010 for the MARP, *P*=0.016 for the CARP and *P*=0.0003 for the MARP-CARP groups), although there was no significant difference between the overall groups. The percentage of MAC-BAR reduction was 15.0 ± 16.0% for the MARP, 10.2 ± 17.6% for the CARP and 16.2 ± 8.8% for the MARP-CARP group. There was no significant difference in the percentage of MAC reductions between the treatment groups.

Heart rate and MABP at the MAC-BAR determination are summarized in [Table 2](#tbl_002){ref-type="table"}Table 2.Heart rate and mean arterial blood pressure at the determination of minimum alveolar concentration for blunting adrenergic response (MAC-BAR) of sevoflurane in dogs treated with subcutaneous administration of saline (Control), maropitant alone (MARP), carprofen alone (CARP) or a combination of maropitant and carprofen (MARP-CARP)ControlMARPCARPMARP-CARPHeart rete (beats/min)108 ± 16106 ± 11105 ± 797 ± 16Mean arterial blood pressure (mmHg) ^a)^66 ± 2363 ± 1977 ± 773 ± 18Data from 3 observations recorded immediately prior to electrical stimulation that produced changes in response to stimulation were obtained from each dog. Significant difference between groups: a) *P*\<0.01.. In each dog, normothermia was achieved by using a heating pad and a warm air blanket. Good oxygenation and eucapnia were also achieved by both oxygen inhalation and IPPV. There was no significant difference in the heart rate. Clinically relevant hypotension (MABP \<60 mmHg) was observed at the MAC-BAR determination in 4 dogs (67%) of the Control group (the lowest MABP: 45, 47, 49 and 52 mmHg in each dog), 3 dogs (50%) of the MARP group (the lowest MABP: 43, 47 and 52 mmHg in each dog) and 2 dogs (33%) of the MARP-CARP group (the lowest MABP: 50 and 58 mmHg in each dog). No dog showed hypotension in the CARP group.

Changes in the sevoflurane MAC-BAR, heart rate and MABP produced by the administration of carprofen alone and the combination of maropitant and carprofen are shown in [Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Drug interactions between maropitant and carprofen in the sevoflurane MAC-BAR, heart rate and mean arterial blood pressure (MABP). Plots and error bars represent mean values and standard deviations, respectively. Open circles (○) showed the paired data from the Control (without CARP) and CARP (with CARP) groups. Closed triangles (▲) showed the paired data from the MARP (without CARP) and MARP-CARP (with CARP) groups. There was no significant difference in the sevoflurane MAC-BAR (a), heart rate (b) and MABP (c) between the changes produced by carprofen alone and the combination of maropitant and carprofen. Therefore, it indicated that there was no drug interaction between maropitant and carprofen on the reduction of sevoflurane MAC-BAR, heart rate and MABP in dogs.. There was no significant difference between the changes produced by the carprofen alone and the combination of maropitant and carprofen.

DISCUSSION {#s3}
==========

In the present study, the administration of maropitant and carprofen alone decreased the sevoflurane MAC-BAR by 15.0% and 10.2%, respectively. However, the combination of maropitant and carprofen did not produce any further reduction in the sevoflurane MAC-BAR. In addition, there was no drug interaction between maropitant and carprofen on the reduction of sevoflurane MAC-BAR, heart rate and MABP in dogs. Anesthetic premedication with the combination of maropitant and carprofen may not provide additive effect on sevoflurane requirement.

As we hypothesized, the combination of maropitant and carprofen did not show any additive effects on the reduction of sevoflurane MAC-BAR in dogs. Maropitant can provide analgesic effect by blocking the pharmacological action of substance P at the spinal cord and brain \[[@r1], [@r7], [@r30]\]. NSAIDs produce analgesic and anti-inflammatory effects by inhibiting the production of prostaglandins \[[@r35]\]. Prostaglandins can facilitate substance-P release from the central nerve terminals of C-fibers \[[@r25]\]. Therefore, it was thought that the inhibition of substance P release from the C-fibers provided by carprofen became incompetent to reduce the sevoflurane MAC-BAR because maropitant blocked the substance P from binding with the NK~1~ receptors in the spinal cord at the same time. Consequently, further sparing effect on anesthetic requirement was not achieved by the combination of maropitant and carprofen in our dogs.

The terminal ends of primary sensory nerve C- and Aδ-fibers recognize and transform nociceptive stimuli into electrical pain signals that are carried to the dorsal horn of the spinal cord where the pain signals are immediately relayed to the brain through the brainstem \[[@r25]\]. In the spinal dorsal horn and brain, various neurotransmitters (ex, glutamate, substance P, calcitonin gene-related peptide, etc.) and their corresponding receptors are involved in relaying pain signals \[[@r25]\]. Substance P is an undecapeptide member of the tachykinin neuropeptide family and acts as a neurotransmitter and as a neuromodulator associated with inflammatory process and pain in the spinal cord and brain \[[@r10], [@r14]\]. Since the endogenous receptor for substance P is NK~1~ receptor \[[@r13]\], it is anticipated that NK~1~ receptor antagonists, such as maropitant, can provide analgesic effect by blocking the pharmacological action of substance P in the spinal cord and brain \[[@r1], [@r7], [@r30]\]. Actually, Boscan *et al.* \[[@r6]\] showed that maropitant reduced the anesthetic requirement during noxious visceral stimulation of the ovary in dogs. In addition, Alvillar *et al.* \[[@r1]\] showed that maropitant had a sparing effect on the sevoflurane MAC in dogs. Similar to these previous studies, the clinical antiemetic dose of maropitant (1 mg/kg) produced a significant reduction in the sevoflurane MAC-BAR by 15.0% in our dogs. The present study reconfirmed that maropitant provides a sparing effect on anesthetic requirement in dogs \[[@r1], [@r7], [@r28]\].

The tissue damage and inflammation produce the local release of prostaglandins and bradykinin at the site of injury \[[@r25]\]. The locally released prostaglandins and bradykinin activate C-fibers and cause the release of glutamate and substance P at the central nerve terminals of C-fibers \[[@r25]\]. These neuropeptides induce increase in intracellular calcium concentration and releasing nitric oxides and prostaglandins from the central nerve terminals of C-fibers and produce hyperalgesia \[[@r25]\]. NSAIDs including carprofen produce peripheral analgesic and anti-inflammatory effects by inhibiting arachidonate COX, thereby inhibiting the production of prostaglandins \[[@r25], [@r34]\]. In addition, there are mounting evidences that NSAIDs have antinociceptive effects at the level of the central nervous system \[[@r20], [@r34], [@r35]\]. Recent studies have shown the production of antinociceptive effect with direct NSAIDs administration to both the supraspinal and spinal structures \[[@r34]\]. The COX-2 isoform affects acute hyperalgesia at the level of the central nervous system \[[@r35]\]. Malmberg *et al.* \[[@r20]\] showed that NSAIDs exerted a direct spinal antinociceptive action by blocking the hyperalgesia induced by the activation of spinal NK~1~ receptors. These findings indicate that NSAIDs may produce their analgesic effect by the direct spinal action as well as peripheral anti-inflammatory action. The MAC or MAC-BAR is defined as the minimum anesthetic concentration that prevents a movement or an autonomic response in 50% of population exposed to a noxious stimulation, respectively \[[@r18], [@r21], [@r27], [@r29], [@r36]\]. In the present study, the sevoflurane MAC-BAR was determined by judging the dogs' response to a noxious electrical stimulus, and it took 3--5 hr after the first electrical stimulation. It cannot be denied that the electrical stimulation might cause local inflammatory response at the site applied the electrical stimulation during the sevoflurane MAC-BAR determination, although the dogs did not show any clinically relevant inflammatory symptoms. It was thought that carprofen provided the sparing effect on sevoflurane requirement through the direct spinal action and peripheral anti-inflammatory effect in the dogs of CARP group.

There were some limitations that might affect our interpretation. Firstly, we did not show actual changes at the level of substance P in the spinal cord, although our speculation could be appropriate to discuss the results of the present study. Secondly, the dogs did not receive the drug administration at random. It cannot be denied that the order of drug administrations might affect our results, although the sevoflurane MAC-BAR determination was highly objective because its determination is based on the increase in heart rate and/or MABP following the electrical stimulus. Thirdly, the electrical noxious stimulation using the MAC-BAR determination is different from surgical tissue damage that produces various degrees of local and systemic inflammatory response as well as noxious stimulus in clinical cases.

In the present study, clinically relevant hypotension was observed at the MAC-BAR determination in some dogs of the Control, MARP and MARP-CARP groups, while no dog showed hypotension in the CARP group. Sevoflurane has a dose-dependent depressant effect on cardiorespiratory function in dogs \[[@r24]\]. A subcutaneous injection of carprofen (4 mg/kg) alone decreased the sevoflurane MAC by 12.1% and provided an improvement of arterial blood pressure in dogs \[[@r38]\]. The sevoflurane MAC-BAR for the control group was significantly higher than those for MARP, CARP and MARP-CARP groups. However, there was no statistically significant difference in the sevoflurane MAC-BAR between MARP, CARP and MARP-CARP groups. It was reported that the administration of maropitant decreased arterial blood pressure in dogs and rats \[[@r7],[@r8],[@r9]\]. Therefore, practitioners should exercise caution when administering maropitant to dogs as a pre-medication, because of the hypotension produced during anesthesia.

In conclusion, the subcutaneous administration of maropitant or carprofen alone produced a clinically relevant sparing effect of the MAC-BAR of sevoflurane in dogs. However, the combination of maropitant and carprofen did not produce any additive effect on the sevoflurane MAC-BAR reduction in dogs. It is thought that premedication with a combination of maropitant and carprofen may not provide any further sparing effect on anesthetic requirement during surgery in dogs.
